Antibiotic-loaded biomaterials (ALBs) have emerged as a potentially useful adjunctive antimicrobial measure for the prevention of infection in open fracture care. A biodegradable thermo-responsive poly(Nisopropylacrylamide) grafted hyaluronic acid (HApN) hydrogel loaded with gentamicin has recently been shown to prevent implant-related infection in a rabbit osteosynthesis model. The primary aim of this study was to determine the influence of this HApN hydrogel on bone healing at an early stage (4 weeks). A rabbit humeral osteotomy model with plating osteosynthesis was used to compare fracture healing in rabbits receiving the hydrogel as compared with control animals. The secondary aim was to observe fracture healing in groups treated with and without antibiotic-loaded hydrogel in the presence of bacterial contamination. In all groups, outcome measures were mechanical stability and histological score, with additional quantitative bacteriology in the inoculated groups.
Introduction
Infection is one of the most common complications associated with operative fracture fixation (Darouiche, 2004; Metsemakers et al., 2015; Trampuz and Zimmerli, 2006; von Eiff et al., 2005) . As the number of patients receiving implants increases annually (Darouiche, 2001) , the number of implant-associated infections is also set to rise. Systemic administration of prophylactic antibiotics is shown to reduce the occurrence of infections in the primary fracture fixation of both closed (Boxma et al., 1996) and open fractures (Gosselin et al., 2004) in comparison with placebo or no antibiotic treatment. The occurrence of infections, despite prophylactic antibiotic administration, indicates that systemic antibiotic prophylaxis is not always completely effective. The failure of systemic antibiotic therapy may be due to compromised vasculature, tissue destruction and oedema limiting antibiotic penetration into www.ecmjournal.org G-JA ter Boo et al. Antibiotic-loaded hydrogel allows for fracture healing the wound, when applied intravenously (Boxma et al., 1996; Gosselin et al., 2004) . The delivery of antibiotics directly to the intended site of action using antibiotic-loaded biomaterials (ALBs) is an attractive option that may overcome this problem (ter Boo et al., 2015) . Degradable ALBs, such as hydrogels, offer advantages over some of the conventional ALBs, such as antibiotic-loaded bone cement beads or spacers, due to the need for surgical removal of the latter. Hyaluronic acid (HA) derivatives are widely used as injectable and degradable carriers for drug delivery (Oh et al., 2010; Tripodo et al., 2015) . A thermo-responsive hydrogel formulation of a HA derivative loaded with gentamicin is previously described by our group (ter Boo et al., 2016) . The physically crosslinked hydrogel is composed of HA, a linear polysaccharide that degrades enzymatically in the body (Aya and Stern, 2014; Fraser et al., 1997) , and short chains of grafted polyacrylamide. This hydrogel is injectable, gelates both in vitro and in vivo and shows an in vitro release of gentamicin that lasts for 5 d upon an initial burst. In a rabbit model of fracture fixation, the antibiotic-loaded hydrogel successfully prevents bacterial infection measured 1 week after fixation (ter Boo et al., 2016) . Although previous in vivo work has shown the efficacy of the gentamicin-loaded poly(N-isopropylacrylamide) grafted hyaluronic acid (HApN) hydrogel, the fate and the influence of the HApN hydrogel on bone healing remains unclear (ter Boo et al., 2016) .
A concern for any ALB that might be added directly to a fracture site is that it may interfere with the fracture healing. The foreign material itself, the time to degrade and the effect of high local concentrations of antibiotics may potentially influence healing of the tissues (Isefuku et al., 2003; Rathbone et al., 2011) . Few reports are available on bone healing after delivery of antibiotics by a biodegradable ALB and clearance of a bacterial load (Ferguson et al., 2014; McLaren et al., 2014; Stewart et al., 2010) . To our knowledge, no previous in vivo studies, involving bone healing in the presence of an ALB, include quantitative measures of bone healing, such as bending stiffness. In particular, bone healing data in the context of antibiotic release and material degradation profiles matching our HA thermo-responsive hydrogel are lacking.
In this study, the effect of the injectable thermoresponsive physical crosslinked HA hydrogel on the bone healing process was assessed in vivo. The rabbit humeral osteotomy model with plating osteosynthesis developed by Arens et al. (2015) was used, as it represents a realistic simulation of fracture healing after trauma, by incorporating many of the factors that might influence bone healing or occurrence of an infection (i.e. antibiotics, bacteria, fracture and implant). Fracture healing in sterile wounds was compared between animals healing with only the fixation implant and rabbits treated with HApN injected after implant placement.
Haematological and clinical observations of the rabbits were performed throughout the 4-week observation period. Additionally, fracture healing in rabbits receiving bacterial inocula with or without gentamicin-loaded HApN was evaluated. Quantitative bacterial infection and potential foreign body reactions were evaluated. Fracture healing in animals receiving the hydrogel versus controls, both with and without bacterial inoculation, was compared at week 4. Quantitative and semi-quantitative outcome measures to assess new bone formation were given by four-point bending mechanical testing, X-ray analysis and histological scores.
Materials and Methods

Materials
Hyaluronic acid sodium salt (HANa) from Streptococcus equi, number-average molecular weight (M n ) = 170.6 kDa and polydispersity (M n /M w ) = 1.73, was purchased from Contipro Biotech s.r.o. (Dolni Dobrouc, Czech Republic). Tetrabutylammonium hydroxide solution (TBAOH) (≈ 40 % in H 2 O, ≈ 1.5 mol/L), 2,2'-azobis(2-methylpropionitrile) (AIBN) (≥ 98.0 % by gas chromatography), methanesulphonic acid (MSA) (≥ 99.5 %), methanol [analytical grade (99.8 %)] and ethanol (≥ 99.8 % purity) were purchased from Fluka (Buchs, Switzerland) .
, Dowex M-31 cation exchange resin, 1,1'-carbonyldiimidazole (CDI) (reagent grade), dimethyl sulphoxide (DMSO) (≥ 99.5 % for synthesis), gentamicin sulphate salt (Gen) (potency ≥ 590 µg gentamicin base per mg) and phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Diethylether (≥ 99.5 %), glycerol (≥ 99 %) and sodium bromide (NaBr) (≥ 99 %) were purchased from Carl Roth (Karlsruhe, Germany). Blood agar (BA), tryptone soya agar (TSA), tryptic soy broth (TSB) and Mueller-Hinton broth (MHB) were purchased from Oxoid AG (Basel, Switzerland).
In vivo study design
The rabbit humeral osteotomy model with plating osteosynthesis, developed by Arens et al. (2015) , was used. Four study groups were included, as shown in Table 1 . The primary comparison was osteotomy healing in the absence (group 1) or presence (group 2) of HApN in non-inoculated animals. The secondary comparison was osteotomy healing in the absence (group 3) or presence (group 4) of gentamicin-loaded HApN in rabbits receiving the bacterial inoculum.
Preparation of gentamicin-loaded thermoresponsive hydrogel
Amino-terminated poly(N-isopropylacrylamide) (pN-NH 2 ) was prepared and characterised with respect to its molecular weight, as described previously (ter Boo et al., 2016) . The molecular weight www.ecmjournal.org (M n ) of the pN-NH 2 obtained was 21.2-21.4 kg/mol, with a polydispersity index (M w /M n ) between 2.32 and 2.63. For the synthesised pN-NH 2 , the recovered mass was between 82.2 % and 83.4 %. The two batches synthesised under the same condition were used in the synthesis of two HApN batches.
NaHA was converted into its tetrabutyl ammonium salt (HATBA) by a cationic exchange process, as described by Bellini and Topai (Bellini and Topai, 2000) . Subsequently, pN-NH 2 was grafted to the HATBA in a direct amidation reaction (ter Boo et al., 2016) . Then, the degree of substitution of pN-NH 2 for the carboxyl group on the HA backbone was determined by proton nuclear magnetic resonance ( 1 H-NMR) by integration of the HA proton NMR signals between δ = 3.00 ppm and 3.77 ppm, equivalent to 9 protons belonging to the HA dimer and integration of the pN signal at δ = 1.14 ppm, deriving from 6 protons on the two methyl groups of pN (D'Este et al., 2012) . The degree of grafting of pN to HA for the HApN batches used in this study was calculated to be 11-12 %. Sterilisation was performed using low temperature ethylene oxide, as previously reported (ter Boo et al., 2016) .
In vivo study
The in vivo study was approved by the Ethical Committee of the Canton of Grisons, Switzerland (TVB numbers 2015_06F and 2015_13E) . All procedures were performed in an AAALAC-(Association for Assessment and Accreditation of Laboratory Animal Care International) approved facility and according to Swiss animal protection law and regulations. 40 skeletally mature, specific pathogen-free (SPF) female New Zealand white rabbits (Charles River Laboratories International, Inc, Sulzfeld, Germany) older than 24 weeks and with a mean body weight of 3.9 ± 0.4 kg were included in this study.
Animal welfare
All rabbits were assessed by a veterinarian and determined to be healthy prior to inclusion in this study. Rabbits were group-housed and allowed to acclimatise to their surroundings for 2 weeks prior to the start of the study. After the surgical intervention, animals were single-housed until euthanasia. After surgery, each animal was checked at least twice daily for the first 5 post-operative days by a veterinarian or an experienced animal care taker. Thereafter, the animals were checked once daily at day 6 and 7 after surgery and twice a week for the rest of the study. 2 rabbits had to be excluded during anaesthesia due to cardiac arrest and 3 rabbits had to be excluded during the observation period due to a fracture of the operated bone. All the 5 excluded rabbits were replaced.
Pre-operative bacterial inoculum and hydrogel preparation A gentamicin-sensitive clinical Staphylococcus aureus (S. aureus) (JAR 060131) isolate was used in the present study (Campoccia et al., 2008) . Bacteria were stored in MHB supplemented with 20 % glycerol for long term preservation at −20 °C. Bacterial inocula were prepared in PBS as previously described (Moriarty et al., 2010; ter Boo et al., 2016) , with a target inoculum of 2.0 × 10 6 colony forming units (CFU) of S. aureus. Quantitative culture of each inoculum was performed immediately after preparation to assure the accuracy of the used inocula.
1 d prior to surgery, the sterile HApN samples were reconstituted at 13 % w/w. For study group 2 (non-inoculated + HApN), reconstitution was in sterile PBS, whilst for study group 4 (inoculated + HApN + Gen), reconstitution was in sterile PBS containing 1 % w/w gentamicin sulphate. The total payload of the antibiotic-loaded HApN hydrogel was 8 mg gentamicin sulphate in 800 µL of the hydrogel, which was the volume injected over the implant. Table 1 . List of the in vivo study groups, including presence of inoculum, thermo-responsive hydrogel and gentamicin sulphate. n = 10 per study group. Target inoculum was 2.0 × 10 6 CFU per rabbit. Volume of HApN hydrogel applied was 800 µL (13 % w/w) per rabbit. Total payload of gentamicin sulphate in the hydrogel was 8 mg per rabbit.
Fig. 1. Full thickness contact radiograph depicting
the rabbit humerus osteotomy model, including screw positions (S1-S6) and osteotomy (OS). Inoculation was performed on top of S3, S4 and in the OS. The HApN hydrogel was applied in the osteotomy gap and on top of the fracture fixation plate and allowed to spread through the wound before gelling.
Group name S. aureus HApN Gentamicin sulphate
Non-inoculated control - - - Non-inoculated + HApN - + - Inoculated control + - - Inoculated + HApN Gen + + + G-JA ter Boo et al.
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Surgical procedure
The surgical procedure as well as anaesthesia and pre-and post-operative analgesia was performed as described previously . Rabbits belonging to study group 3 (inoculated control) and study group 4 (inoculated + HApN + Gen) received a bacterial inoculum after creation of the osteotomy. The inoculum consisted of three separate injections of 34 µL of bacterial suspension into the empty screw hole overlying the osteotomy and on the head of adjacent proximal and distal screws. Rabbits belonging to study group 2 (non-inoculated + HApN) received HApN hydrogel injected over the 7-hole locking plate. Rabbits of study group 4 (inoculated + HApN + Gen) received the gentamicin-loaded HApN hydrogel after bacteria inoculation. The wounds were closed immediately after application of the hydrogel. Fig. 1 shows a schematic overview of the rabbit humerus osteotomy model including fracture fixation hardware.
Observation
Blood samples were withdrawn from all included rabbits pre-operatively, 3 and 6 h post-operatively, then once daily until day 7 post-operatively and, later, on a weekly basis until the end of the study. White blood cell (WBC) count was measured at these time points (Vet ABC, Scil animal care, Viernheim, Germany). For the non-inoculated study groups, C-reactive protein (CRP) concentrations were quantified by enzyme-linked immunosorbent assay (ELISA) (rabbit CRP Elisa kit; ICL Inc., Portland, OR, USA) at each time point until day 7 post-operatively. Serum gentamicin levels were quantified by fluorescence polarisation immunoassay (FPIA, lower limit of detection: 0.5 µg/mL) on a Cobas Integra ® 400 plus analyser (Roche Diagnostics AG, Risch, Switzerland) using reagents from Roche Diagnostics. Test solutions and calibration standards were diluted with human plasma. Weight of the rabbits was measured at the time of surgery, 3 d and 7 d postoperatively and, then, weekly for the duration of the study. Radiographs of the operated limbs were taken in two planes (lateromedial and caudocranial) from all operated rabbits directly after surgery and then weekly until the end of the study. Animal exclusion criteria were: signs of systemic infection such as fever, depression and anorexia, local infection with severe lameness, persistent swelling and discharge or a weight loss exceeding 15 % of the initial body weight. All rabbits were euthanised at the end of the observation period using intravenously-administered pentobarbital (Esconarkon ® , Streuli Pharma AG, Uznach, Switzerland).
Bacteriology
Immediately after euthanasia, the soft tissues, including all large muscles covering the implant, and any abscess material, if present, were removed using a scalpel, weighed and placed into a sterile receptacle containing 10 mL of PBS. As the bone was reserved for further mechanical testing and histological sectioning, no bacteriological data were acquired for this tissue. Then, the soft tissues were homogenised using an Omni-TH hand-held homogeniser (LabForce AG, Muttenz, Switzerland) with sterile Omni-tip plastic probes. All implant samples were transferred to sterile glass test tubes containing 10 mL of PBS. Next, implant samples were sonicated (Bandelin Ultrasonic water bath RK 510 H; Bandelin, Berlin, Germany) for 3 min and subsequently vortexed for 10 s. Further processing of the samples for quantitative bacteriology was performed as previously described (ter Boo et al., 2016) .
Mechanical testing of rabbit humeri
After removal of the plate and screws from the operated humeri, the bending stiffness of the bone was determined by a non-destructive four-point bending test according to ISO 9585 (1990) , using a material testing machine (Instron 5866, Instron, Norwood, MA, USA) equipped with a 1 kN load cell. Axial compression along the machine axis was applied to the bone by two loading pins of 10 mm in diameter, 25 mm apart from each other, attached to the machine actuator. With the posterior side of the humerus facing towards the machine actuator, each specimen was supported by two pins of 10 mm of diameter connected to the machine base, 50 mm apart from each other. The supporting points were defined by letting each specimen settle according to its anatomical landmarks. The setup, with a specimen mounted for biomechanical testing, is shown in Fig.  2 . Prior to testing the specimens, the load necessary to fracture intact non-operated rabbit humeri was determined for cadaveric humeri of age-matched rabbits (approximately 400 N). Then, both the operated humerus and the contralateral humerus of each rabbit included in the study were loaded to 100 N at a rate of 1 mm/min. Axial stiffness of the The distance between the two loading pins (diameter = Ø = 10 mm) attached to the actuator was 25 mm and between the two loading pins (Ø = 10 mm) at the machine base was 50 mm. The relative stiffness was calculated as the stiffness of the operated humerus divided by the stiffness of the contralateral humerus of the same rabbit. www.ecmjournal.org rabbit humeri was derived from the ascending linear slope of the load-displacement curve in the interval between 50 N and 100 N. Finally, the stiffness was expressed as the normalised stiffness of the operated humerus as compared to the stiffness of the intact contralateral humerus of the same rabbit.
Histopathological evaluation
Full thickness contact radiographs were taken in two planes (lateromedial and caudocranial) using high resolution technical film (D4 Structurix DW ETE, Agfa, Mortsel, Belgium) and a cabinet X-ray system (Model No. 4385A, Faxitron X-ray Corporation, Tucson, AZ, USA) to document the state of the humeri after biomechanical testing. Then, rabbit humeri were fixed in 70 % (v/v) methanol for a minimum of 2 weeks, with fresh methanol changes weekly. After fixation, samples were dehydrated through an ascending series of ethanol and transferred to xylene. Finally, the samples were infiltrated and embedded in methylmethacrylate (MMA). Polymerised MMA blocks were trimmed using a butcher saw (Bizerba FK 22, Bizerba AG,Trimms, Switzerland) and then cut in longitudinal plane using an annular diamond blade saw (Leitz 1600 saw microtome, Leica AG, Heerbrugg, Switzerland). Next, the samples were glued with cyanoacrylate onto beracryl holders for sectioning. Contact radiographs of the sections were taken as described previously D'Este et al., 2016) . The two sections to be stained were selected from as close as possible to the midline of the humerus, including the empty screw holes. Sections were glued onto opaque Plexiglas ® slides, ground and fine-polished. One of the sections of the humeri was stained with Giemsa-eosin, the other with Brown and Brenn stains. The Giemsa-eosin-stained sections were used for semi-quantitative histopathological evaluation with a focus on tissue repair and fracture healing. Histological findings were described according to distribution, morphological character and severity using a semi-quantitative grading scheme (five-point scale) D'Este et al., 2016) . The Brown-and-Brenn-stained sections were used to confirm the presence of bacteria. The histopathological analysis included osteotomy gap filling, endosteal and periostal callus formation, presence of inflammation, presence of multinuclear histiocytes and presence and amount of Brown-andBrenn-positive coccoid bacteria.
Statistical analysis
Statistical evaluation was performed using IBM SPSS statistics software, version 23 (Armonk, New York, NY, USA). Data were screened for normality of distribution with the Shapiro-Wilk test. An independent t-test was run to compare the values of the bacterial inoculum in the two inoculated groups. One-way analysis of variance (ANOVA) test with Tukey post-hoc correction for multiple comparisons was conducted to compare the outcome measures for quantitative bacteriology data, normalised stiffness and periosteal callus formation among the four study groups. Finally, two-way ANOVA test with Tukey post-hoc correction was performed to detect significant influence of haematological values and weight change data on the four study groups. Level of significance was set at * p < 0.05 for all statistical tests.
Results
Prevention of infection by gentamicin-loaded HApN hydrogel at week 4 CRP concentrations, lymphocyte/granulocyte ratio, WBC counts and weight of the rabbits in each group throughout the observation period are shown in Fig.  3 . No significant weight differences were observed among the 4 rabbit study groups, during the 4-week observation period. However, there was a slight trend towards a small weight gain in rabbits from the study group 3 (inoculated control) in comparison to the other study groups. Rabbits not inoculated with bacteria and the group inoculated with bacteria in the presence of the gentamicin-loaded hydrogel (groups 1, 2 and 4) showed increasing levels of CRP that reached the maximum value 2 d post-operatively, after which they returned to pre-operative levels. WBC counts presented a similar pattern in groups 1, 2 and 4, with a maximum count 3 to 7 d post-operatively and subsequent return to pre-operative values. The rabbits inoculated with bacteria in the absence of the hydrogel (group 3) showed a significantly higher CRP level, larger WBC count and lower lymphocyte/ granulocyte ratio than rabbits from the other study groups. WBC counts for rabbits from study group 3 remained larger throughout the whole observation period. The lymphocyte/granulocyte ratio remained significantly lower for group 3 in comparison to group 4 until day 28 (Fig. 3) . Gentamicin plasma concentrations in rabbits from group 4 reached an average of 1.11 ± 0.32 µg/mL, 3 h post-operatively.
In both inoculated groups (group 3 and 4), the total viable counts of the bacterial inocula given to each rabbit during the initial surgery are shown in Fig.  4a . There was no significant difference in the initial inocula given to the two groups. At euthanasia, 9 out of 10 rabbits receiving the inoculum, but not the gentamicin-loaded hydrogel (group 3) were found to be culture-positive for bacteria at the locations sampled (implant and overlying fibrous capsule). The only rabbit found to be culture-negative at the implant and fibrous capsule was positive for Grampositive bacteria in the Brown-and-Brenn-stained section of the bone, confirming it was indeed infected. In general, the stained sections from rabbits of the inoculated control group (study group 3) showed large amounts of Gram-positive coccoid bacteria visible in both histological stainings. Large numbers of colonies could be seen in the Giemsa-eosinstained sections (Fig. 4c,d ) and additionally small amounts of bacteria could be seen in Brown-andBrenn-stained sections (Fig. 4e) . Furthermore, empty G-JA ter Boo et al.
Antibiotic-loaded hydrogel allows for fracture healing osteocytic lacuna were observed in the cortex (focal osteonecrosis near the osteotomy) and a large amount of acellular debris was observed in the bone marrow of these rabbits, featuring a diffuse necrotising osteomyelitis (Fig. 4c) . The presence of bacteria was accompanied by large numbers of inflammatory cells (Fig 4c) . The implant and fibrous capsule samples of all rabbits receiving the inoculum and gentamicinloaded HApN (group 4) were culture-negative for bacteria (Fig. 4b) . In the stained sections from rabbits from study group 4, bacteria were detected neither in the Giemsa-eosin-nor in the Brown-and-Brennstained sections. Signs of osteonecrosis, such as the ones observed in the sections of the inoculated control rabbits, were not observed in the histological sections from study group 4, but rather displayed a more physiological appearance (Fig. 5) .
Fracture healing in the presence of the HApN hydrogel at week 4 Bone healing among groups was compared quantitatively and semi-quantitatively using mechanical testing and histopathological analysis, respectively. 4 weeks post-surgery, the normalised stiffness of the operated humeri was on average 67 % of the stiffness of the contralateral humerus in the non-inoculated control group, indicating that healing had commenced, though not yet completed. When comparing the results among the groups, the mean stiffness values in the non-inoculated groups without and with HApN hydrogel showed a decrease from 67 % to 49 %, despite not being statistically significant (Fig. 6) . The relative stiffness of humeri in the inoculated control group and the inoculated + HApN + Gen group were 30 % and 33 %, respectively. Representative contact radiographs and Giemsaeosin-stained overview microphotographs of the operated humeri for each study group are shown in Fig. 5 . In the non-inoculated control group (study group 1), a large amount of periosteal callus was formed around the osteotomy gap (Fig. 5,6b) . Callus formed at both cis and trans sides of the bone, but predominantly on the trans side. New bone formation was also observed at the interface of the screws and the intramedullary cavity. A small amount of blue stained cartilage was observed in the osteotomy where the bone was bridging (Fig. 5) . In the humeri from non-inoculated rabbits that received the HApN 3 and 4) . www.ecmjournal.org hydrogel (study group 2), a large amount of new periosteal callus was also formed, both at the cis and the trans site of the bone, as well as at the interface between the screws and the intramedullary cavity (Fig. 5) . However, the amount of endosteal and periosteal callus formation was smaller than in rabbits that only had surgery, primarily at the cis site (Fig.  6b) .
In the humeri of the inoculated control group (study group 3), no callus formation was observed at the anatomical sites where the inoculation was performed (osteotomy and S3 and S4 screw holes) (Fig. 5) . Large amounts of necrotic tissue were observed in the medullary cavity at the osteotomy site and at the S3 screw. Screws more distal to the inoculation points showed better osteo-integration. Gram-positive coccoid bacteria could be detected by Giemsa-eosin-staining. Humeri from rabbits that received the gentamicin-loaded hydrogel upon inoculation (study group 4) showed new callus formation and no necrotic tissue was observed. Furthermore, no bacteria could be detected. The newly formed callus was localised at the trans site of the humerus and at the interface between the screws and the intramedullary cavity, while the cis callus and the endosteal bone formation at the osteotomy site were relatively low (Fig. 5,6b) . Fibrous encapsulation of the metal implant was observed in both non-inoculated study groups. The soft tissue near the osteotomy site in the inoculated control group showed acellular necrotic debris, fibrin and a mixed population of inflammatory cells due to inflammation below the plate (Fig. 5,7) .
Finally, histopathological evaluation of the rabbit humeri sections also focused on any reaction to any remnants of the hydrogel components and their localisation. In the sections from the rabbits of the groups receiving the hydrogel (study group 2 and 4), large numbers of mono-and multinucleated histiocytes with foamy bluish cytoplasm were present, as shown in Fig. 7 , indicative of ongoing HApN clearance. Cells with similar morphology were absent in the sections from the rabbits of the other study groups that did not receive the HApN hydrogel (Fig. 7) .
Discussion
The aim of this in vivo study was to assess the influence of a thermo-responsive HApN hydrogel on bone healing in a rabbit model. Such information 
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Antibiotic-loaded hydrogel allows for fracture healing is critical to fully evaluate the potential applicability of locally-delivered antibiotic into a fracture site. It was found that the presence of the HApN did not significantly influence bone healing: the relative stiffness and histological score of operated humeri, in which the HApN hydrogel was applied during surgery, was not significantly different from control humeri. Bone healing in the presence of an ALB is investigated in in vivo models by Ambrose et al. (2003) and Peng et al. (2010) ; however, these are prophylactic studies and do not include a quantitative measure of bone healing, such as bending stiffness. The osteotomy fixation model used in this in vivo study represents a realistic simulation of fracture healing after trauma, by incorporating many of the factors that might influence bone healing, or occurrence of an infection . The osteotomy in this model heals within approximately 10 weeks, when not inoculated Terjesen, 1984; Wang et al., 2005) . In the present study, bone healing was assessed after 4 weeks, as the largest variations among the study groups were anticipated in this early bone healing phase, thus maximising Fig. 5 . Contact radiographs and Giemsa-eosin-stained overview microphotographs (left, scale bar: 10 mm) of the complete operated rabbit humeri depicting the osteotomy and all six screw holes (S1-S6, 4 weeks post-operative, longitudinal cutting plane, fracture fixation implants removed, situation after mechanical testing), as well as magnified details of the humerus osteotomy site (right, scale bar: 2 mm) including the two adjacent screw holes (S3, left and S4, right). www.ecmjournal.org the chance to detect any deleterious effects due to HApN administration and/or bacterial inoculation. At this 4-week time point, rabbit humeri that received a plate fixation but no hydrogel, achieved partial healing, as expected. In the histological sections, this was observed as the formation of callus, both on the cis and trans sides of the bone, as well as periosteum around the osteotomy. A larger amount of callus was formed at the trans side in comparison with the cis site, possibly due to the presence of the fracture fixation plate, which may lead to some local stress shielding and diminished formation of callus at this site of the cortex (Sha et al., 2009; Stoffel et al., 2000) .
The presence of the HApN hydrogel did not significantly affect any clinical or biological response measured in the rabbits in the absence of bacterial inoculum (including weight, CRP or WBC). Similarly, bone healing was unchanged after application of the hydrogel in terms of relative stiffness of the bone in comparison to unexposed controls. Callus formation was observed at both the cis and trans side of the humerus, although the amount of callus formed at the cis side, where the HApN hydrogel was injected as a flowable solution, was slightly smaller than observed in the non-inoculated control group. Although degradation of HA in mammals usually takes from 12 h up to several days depending on the anatomical location (Laurent and Fraser, 1992) , conjugation of moieties to the HA dimer and HA conjugates crosslinking may alter its degradation behaviour (Leone et al., 2012) and prolong its presence in vivo (Holloway et al., 2014) and the release of entrapped drugs from HA hydrogels (Purcell et al., 2014) . For instance, chemically crosslinked methacrylated hyaluronan hydrogels, with increasing crosslink density and decreased enzymatic degradation rate in vitro, delay bone healing in vivo (Patterson et al., 2010) . The HA formulation used in this in vivo study was rendered thermo-responsive by poly(Nisopropylacrylamide) (pN) grafts. Moderate chain length pN, as the 20 kDa grafts used in this in vivo study, does not decrease cell viability in vitro (Mellati et al., 2016) . The occurrence of moderate amounts of mono-and multi-nucleated histiocytes, that are part of the reticuloendothelial system and have a phagocytic function, at locations where the hydrogel was applied, suggested the presence of remnants of the HApN hydrogel and an incomplete and ongoing resorption of the HApN hydrogel 4 weeks postapplication. This, in turn, might explain the trend for slightly less callus formation at the side where the HApN was applied.
In contrast to the non-inoculated groups, rabbits receiving the bacterial inoculum, but not the gentamicin-loaded HApN, displayed no bone formation in radiographic or histological evaluation. The cause of the impaired bone regeneration might be the inflammatory reaction associated with staphylococcal infection that leads to a disruption of the homeostatic balance of bone matrix production and resorption, resulting in bone loss (Henderson and Nair, 2003; Matsuo and Irie, 2008) . Furthermore, in these rabbits, the soft tissue near the osteotomy showed acellular necrotic debris and a mixed population of inflammatory cells due to inflammation below the plate, which was not observed in the inoculated rabbits that were treated with the gentamicin-loaded HApN hydrogel. Rabbits in the inoculated group without gentamicin-loaded HApN hydrogel are expected to develop an infected nonunion .
Rabbits that were inoculated, but received the gentamicin-loaded HApN were completely culturenegative, confirming earlier findings at week 1 (ter Fig. 6 . Results of (a) mechanical testing by four-point bending test of operated and contralateral humeri and (b) of histopathological scoring for new callus formation, at the cis and at the trans site of the humerus. Data are represented as mean ± standard error. * represents significance between groups.
Antibiotic-loaded hydrogel allows for fracture healing Boo et al., 2016) . Although S. aureus is one of the most common species involved in trauma and orthopaedic infections, bacterial mixtures are encountered as well and could be used in future in vivo studies to challenge the performance of tested ALBs. A large amount of new callus had formed at the trans site of the humerus in these rabbits, which was greater when compared with humeri from the inoculated rabbits not receiving gentamicin-loaded HApN. In the mechanical testing data, the limited callus formation at the cis side of the humerus concealed this difference in healing status. At the site where the gentamicin-loaded hydrogel was applied, large numbers of mono-and multi-nucleated histiocytes Fig. 7 . Microphotographs of Giemsa-eosin-stained sections of rabbit humeri at the cis site of the osteotomy site (left column, scale bar: 500 µm), cellular details of the tissues below the plate (marked by black frames) are shown (middle column, scale bar: 100 µm; right column, scale bar: 20 µm). No callus formation was recorded in the inoculated control group, which instead showed necrosis and a mixedcellular inflammation. The two HApN-treated groups (with and without gentamicin) showed formation of multinucleated histiocytes with foamy bluish cytoplasm. www.ecmjournal.org were observed, suggesting ongoing HApN clearance, similar to the non-inoculated rabbits that had only received the HApN hydrogel. Although these rabbits were infection-free, large numbers of dead bacteria might remain in the inoculated area, as the bacterial load in this study was high (2 × 10 6 CFU). Surface-associated material from dead S. aureus contaminants might still have the potential to upregulate osteoclast activity (Meghji et al., 1998; Nair et al., 1997) . In mice, this surface-associated material from S. aureus cell wall preparations stimulates the production of tumour necrosis factor (TNF) α and interleukin (IL)-6, leading to increased bone resorption and osteoclast formation (Takeuchi et al., 2000; Takeuchi et al., 1999) . High local antibiotic concentrations could potentially also decrease cell viability in the exposed locations and impair the healing process. Whereas in vitro osteoblast viability is lowered by high concentrations of aminoglycosides, such as gentamicin, when exposure takes place over an extended time (Isefuku et al., 2003; Rathbone et al., 2011) , such an effect is not necessarily observed in vivo (Haleem et al., 2004) . Furthermore, the gentamicin-loaded HApN hydrogel did not show any negative systemic effect, considering that systemic gentamicin levels 3 h post-operatively were low and the CRP levels and WBC count in the plasma of these rabbits were comparable to the values observed in the non-inoculated rabbits, A limitation of this study was the lack of information concerning the local gentamicin concentrations, even if a rapid in vitro gentamicin release from the HApN is reported (ter Boo et al., 2016) . The local concentration of gentamicin at the surgical site could also have an influence on the fate of the tissue. Therefore, in future experiments, a drain could be used to collect fluid from the surgical site in order to quantify the amount of antibiotic present over time. In the long term, fracture healing is anticipated in the rabbits treated with the gentamicin-loaded HApN hydrogel. After clearance of the high bacterial load, callus formation was observed, which would eventually bridge the osteotomy. A potential option to enhance the bone healing process could consist of the addition of osteopromotive factors (Doty et al., 2014; Mantripragada and Jayasuriya, 2016; Strobel et al., 2011; Suzuki et al., 2006) .
Conclusions
In this in vivo fracture model, including osteotomy, plate fixation and bacterial inoculum, the gentamicinloaded HApN hydrogel was successful in preventing an infection. Although the model represented a close simulation of fracture healing after trauma, two questions were not addressed: the presence of other relevant or multiple pathogens and the application of the hydrogel loaded with another antibiotic at a later stage upon inoculation in order to assess the possibility of killing intracellular bacteria.
Bone formation was not significantly hindered by application of the HApN hydrogel itself, as could be seen from the mechanical testing results, as well as from the stained humeri sections. The HApN hydrogel itself did not evoke any systemic response, as was shown by the absence of differences in haematological values between the rabbits that were only operated and the rabbits that were additionally injected with the HApN hydrogel. In the S. aureusinoculated group receiving the HApN hydrogel with gentamicin, additional factors, such as the presence of dead bacteria, might have retarded bone healing. However, in the long term, in the inoculated areas where the infected humeri showed much necrosis and an absence of callus formation, it is to be expected that the humeri of the inoculated rabbits treated with the gentamicin-loaded HApN hydrogel would heal. Thus, the thermo-responsive HApN hydrogel was an effective delivery system for prophylactic antibiotics that did not affect fracture healing itself.
